Abstract: Natural Phytophthora hybrids (P. nicotianae 3 P. cactorum) infecting loquat in Peru and Taiwan were characterized with AFLP (amplified fragment length polymorphism) markers, the internal transcribed spacer (ITS) region and the phenol acid carboxylase gene (Pheca) and inheritance of the mitochondrial cytochrome oxidase I gene (coxI). AFLP profiles of two Taiwanese isolates recovered in 1995 were polymorphic in ,50% of the fragments whereas five Peruvian isolates, recovered 2002-2003 and 2007, showed no genotypic variation. Sequencing analysis of the cloned ITS region resulted in the identification of sequences with high homology to either P. nicotianae (99%) or P. cactorum (97%). Direct sequence analysis of the Pheca gene revealed 13 heterozygous sites suggesting the presence of both P. nicotianae and P. cactorum genes in P. hybrids isolates. Melting analyses of coxI suggested that all seven Phytophthora hybrids inherited the mitochondrial DNA from P. nicotianae. Our results suggest that Phytophthora hybrids from Peru might have originated from a single hybridization event and that the two isolates from Taiwan might have originated through different hybridization events. The Peruvian hybrids appear to have persisted at least 3 y at three locations. Possible factors influencing the population structure of Phytophthora hybrids infecting loquat are discussed.
INTRODUCTION
Genus Phytophthora includes more than 90 described species that infect more than 1000 plant species and cause large economic losses in food and ornamental crops every year (Erwin and Ribeiro 1996, Kroon et al 2004) . Methods for identification of Phytophthora species traditionally have relied on observations of phenotypic characteristics (Erwin et al 1996) . More recently genomic and mitochondrial sequence data have been used to support and expand the definition of Phytophthora species (Cooke et al 2000 , Kroon et al 2004 , Martin and Tooley 2003 .
Recent reports of species hybrids of Phytophthora do not fit any described species. An unknown Phytophthora was reported to be responsible for the death of alder trees in Britain (Brasier et al 1995) . Later this pathogen was formally described as an allopolyploid Phytophthora hybrid named P. alni with several subspecies (Brasier et al 2004) . Initial studies indicated that the possible progenitors of P. alni were thought to be Phytophthora cambivora and P. fragariae, none of which are pathogenic in alder trees (Brasier et al 1999) . However recent studies of nuclear and mitochondrial markers suggested that P. alni is a complex and continuously evolving group of pathogens (Ioos et al 2006) . Thus the possibility of hybrid Phytophthora isolates with an increased or new host range might be an important mechanism of speciation in oomycetes (Brasier 2000, Olson and Stenlid 2002) .
In 1998 an unknown Phytophthora was isolated from diseased Spathiphyllum and Primula growing in hydroponic cultures in the Netherlands (Man in 't Veld et al 1998) . Using molecular approaches these isolates were described as natural hybrids with P. nicotianae and P. cactorum as possible progenitors (Man in 't Veld et al 1998) . In 2000 atypical Phytophthora isolates were recovered in hydroponic cultures on different hosts. DNA fingerprinting demonstrated that these isolates were also P. nicotianae 3 P. cactorum hybrids and that they likely had emerged through different hybridization events (Bonants et al 2000) .
Reports of Phytophthora infecting loquat trees (a fruit tree of southeastern Chinese origin) date back to the early 1930s (Tucker 1933) . However a detailed description of the Phytophthora species infecting loquat was not recorded until Weltzien and Schwinn (1966) described Phytophthora nicotianae as the causal agent of outbreaks in commercial loquat orchards in Lebanon. More recently Chern et al reported two different types of Phytophthora species infecting loquat trees in Taiwan. Isolates were described as typical and atypical P. nicotianae (Chern et al 1998) . Morphological analysis revealed that the atypical P. nicotianae isolates were homothallic in contrast with typical P. nicotianae (heterothallic), with a larger oogonia and oospores averaging 34.7 mm and 30.3 mm diam respectively whereas typical P. nicotianae oogonia and oospores are 26.1 mm and 21.4 mm diam respectively. Atypical isolates had a maximum growth at 34.5 C in contrast with typical P. nicotianae of 36 C (Chern et al 1998) . The atypical isolates were characterized further with isozyme patterns, demonstrating their similarity to isozyme patterns of previously identified natural hybrids of P. nicotianae and P. cactorum (Man in 't Veld 2001 , Man in 't Veld et al 1998 . In 2006 atypical P. nicotianae isolates were identified infecting loquat in Peru. Preliminary studies of the ITS region from a monosporic isolate revealed ITS sequences from P. nicotianae and P. cactorum suggesting a possible hybrid nature of the atypical Phytophthora (Aragon-Caballero et al 2006).
Our goal was to characterize Phytophthora hybrids infecting loquat in two distant locations (Peru and Taiwan). We used a combination of AFLP fingerprinting and sequence analysis of nuclear genes to determine whether a single hybridization or independent events of hybridization accounts for the isolates recovered from both countries. We also investigated the presence of the mitochondrial genome in the Phytophthora hybrids.
MATERIALS AND METHODS
Isolates.-Phytophthora spp. were isolated in Oct 2002 , Mar 2003 (Aragon-Caballero et al 2006 and Apr 2007 from loquat trees (Eriobotrya japonica [Thunb.] Lindl.) with dieback symptoms at Coayllo, 100 km south of the state of Lima (Lima, Peru). Sampled trees (n 5 5) varied in age, 1-15 y, and were located in three fields at least ,200 m apart covering an approximately area of 1000 m 2 of the Coayllo District. Root systems were processed for pathogen isolation in the Diagnostic Clinic at the National Agricultural University La Molina, Peru. Small sections of symptomatic root tissue were thoroughly washed with tap water and sterile distilled water. Root tissue was transferred to cornmeal agar plates (CMA) and incubated 3-5 d at 24 C. Single hyphal tips were subcultured to amended PARP (100 ppm pimaricin, 100 ppm ampicillin, 30 ppm rifampicin and 100 ppm pentachloronitrobezene) V8 juice agar plates (840 mL distilled water, 163 mL unclarified V8 juice, 3 g CaCO 3 and 15 g agar). DNA of two previously identified Phytophthora hybrid isolates, 95023 and 95034, from Taiwan (Chern et al 1998) also were also included in the present study.
For long-term storage a 7 mm plug of expanding mycelium from each culture was placed in 2 mL screw-cap tubes with three sterilized hemp seeds and 1 mL sterile distilled water. Phytophthora nicotianae isolate LT215 from tobacco in Tennessee (2004) and P. cactorum isolate LT198 from Rhododendron in Tennessee (2004) were included in the study for comparative analysis and crossing experiments (see below).
DNA isolation and AFLP fingerprinting.-Isolates from Peru were grown in antibiotic-amended V8 broth, and DNA isolation was performed as described in Lamour and Finley (2006) . AFLP genotyping was performed with EcoRI and MseI restriction endonucleases from Invitrogen (Carlsbad, California). Sequence adapters and primers as described by Vos et al (1995) were acquired from Integrated DNA Technologies (Coralville, Iowa). Restriction, ligation, preamplification and amplification were performed according to Habera et al (2004) . Preselective amplification was performed with nonselective primers matching the adaptor sequences, and selective amplification was conducted with the selective primer pair (Eco+CG/Mse+CG). Selective amplifications were diluted and re-amplified in a separate reaction with FAM labeled primers from Proligo (Boulder, Colorado). AFLP fragments were resolved and analyzed on a CEQ TM 8000 Genetic Analysis System (Beckman Coulter) following the manufacturer's protocols. AFLP profiles were generated twice for each isolate with independent DNA isolations, and only AFLP markers consistent among replicates were considered for further analyses.
High resolution DNA melting analysis of mitochondrial DNA.-The likely donor(s) of the mitochondrial genome was tested for the Phytophthora hybrids with high resolution DNA melting analysis (Herrmann et al 2006 , Wittwer et al 2003 . Primers were designed to amplify a 221 bp region (bases 793-1013) of the cytochrome oxidase mitochondrial gene I (coxI). This region contained nine single nucleotide polymorphic (SNP) sites previously identified between P. nicotianae and P. cactorum (Martin et al 2003) . Primer sequences were forward 59-ccaccccataaagtagctaacc-39 and reverse 59-caagtttctgcagcttttgct-39 and PCR parameters were 95 C for 5 min, 45 cycles of denaturing at 95 C for 30 s, annealing at 74 C for 30 s, synthesis at 72 C for 30 s with a final extension at 72 C for 5 min. A 10 mL PCR reaction contained 4 mL LC Green PCR buffer (Idaho Technologies, Salt Lake City, Utah), 1 mL of each 2.5 mM primer solution and 4 mL template DNA (concentration 5-20 ng/mL). After PCR amplification raw PCR products were subjected to melting analysis with a light scanner (Idaho Technologies, Salt Lake City, Utah). Parameters were adjusted following the manufacturer's instructions, and melting curve profiles from each P. hybrid were compared with those from P. nicotianae and P. cactorum. PCR amplifications and melting analyses were performed twice with DNA from two biological replicates.
ITS and nuclear gene sequencing.-Sequencing of the ribosomal internal transcribed spacer (ITS) and a singlecopy nuclear gene (phenol acid decarboxylase, Pheca) were performed to determine the genomic contribution of each parental Phytophthora (P. nicotianae and P. cactorum) in the hybrid isolates. PCR amplification of the ITS region for hybrid isolates (95023, 95034 and LT2852) was done as described by Cooke et al (2000) with primers ITS4 59-tcctccgcttattgatatgc-39 and ITS6 59-gaaggtgaagtcgtaacaaagg-39. The amplified region contains the ITS1, 5,8S gene and ITS2. PCR reactions were performed in 50 mL reaction vessel with Platinum TaqH from Invitrogen (Carlsbad, California) containing 5 mL 103 PCR buffer mix minus MgCl 2 1 mL 10 mM dNTP mixture, 1.5 mL 50 mM MgCl 2 1 mL of each 10 mM primer solution, 0.2 mL Platinum TaqH DNA polymerase and ,30 ng template DNA. Cycling parameters were 95 C for 5 min, 35 cycles of denaturing at 95 C for 30 s, annealing at 58 C for 30 s, extension at 72 C for 30 s. PCR products were resolved on 1% agarose gel and purified with QIAGEN PCR clean-up columns (QIAGEN, Valencia, California) following the manufacturer's instructions. PCR products were cloned with the TOPOH TA Cloning TM kit (Invitrogen, Carlsbad, California) and were transformed into One ShotH TOP10 E. coli cells (Invitrogen, Carlsbad, California) following the manufacturer's instruction. At least six E. coli recombinant colonies per isolate were randomly selected for sequencing. Plasmid isolation was performed with the PureLink TM Quick Plasmid miniprep kit (Invitrogen, Carlsbad, California). Plasmids were submitted to the Sequencing Facilities of the University of Tennessee. Both strands of the cloned ITS region were sequenced. Sequencing files were manipulated with CodonCode aligner software 2.0.2 (CodonCode Corp., Dedham, Massachusetts).
The sequence of the phenol acid carboxylase (Pheca) gene was not available for P. nicotianae and P. cactorum. Gene amplification was performed with degenerate primers designed based on a multiple nucleotide sequence alignment of P. sojae, P. infestans and P. ramorum (Thompson et al 1994) . Primer design was performed manually and primers flanked ,750 bp of the open reading frame region of the gene. Primer sequences were forward 59-gtbccygghtwycacaccaacac-39 and reverse 59-ctcgasgatrkyrgcctgtcgc-39. PCR reactions were performed with Platinum TaqH from Invitrogen (Carlsbad, California) following the manufacturer's instructions. Cycling parameters were 95 C for 5 min, 35 cycles of denaturing at 95 C for 30 s, annealing at 60 C for 30 s, extension at 72 C for 30 s. PCR products were cleaned with the QIAGEN PCR purification kit following manufacturer's instructions (Valencia, California) and submitted to the Sequencing Facilities of the University of Tennessee. Sequencing files were manipulated as described above. Sequences from the four P. hybrid isolates were deposited in GenBank (TABLE II) Mitochondrial markers.-The inheritance of mitochondrial genome in hybrids was studied by comparing the high resolution DNA melting curve profile of each Phytophthora hybrid isolate to that of each parental Phytophthora (P. nicotianae and P. cactorum).
High resolution melting analysis uses a saturation dye (LC Green) that is detected only in double-stranded DNA. Profiles of DNA sequences melt at slightly different rates depending on their GC content, length of the amplicon and heterozygosity. In this case it is possible to compare Phytophthora hybrid melting curves with the curves from other species such as the potential progenitors, P. nicotianae and/or P. cactorum. Our results indicate that Phytophthora hybrids from Peru and Taiwan had coxI with a similar melting curve profile to that of P. nicotianae isolate LT215 (FIG. 2) .
Nuclear content of Phytophthora hybrids.-ITS analysis. Eighteen E. coli recombinant colonies containing the ITS PCR product cloned from three Phytophthora hybrid isolates were sequenced (six clones from isolate LT2852, six clones from isolate 95023 and six clones from isolate 95034). BLAST analyses in the National Center for Biotechnology Information (NCBI) revealed the presence of distinct ITS sequences within each of the isolates. Out of the six ITS clones sequenced for isolate LT2852 three were almost identical (99% homology) to P. nicotianae (AF266776) and the rest of the clones (three) also were almost identical (97% homology) to previously described P. cactorum ITS sequence (AF266772). There were no differences within the group of sequences identified as P. nicotianae or P. cactorum. In a similar way ITS cloned sequences from isolate 95023 and 95034 resulted in 50% of the clones matching with high homology to previously describe ITS sequences for P. nicotianae or P. cactorum. A single representative sequence from each Phytophthora species identified in isolates LT2852, 95023 and 95034 was deposited in GenBank (accession numbers FJ499333-FJ499338).
Pheca analysis. BLAST analyses in Phytophthora databases (Virginia Bioinformatics Institute, Broad Institute and the National Center for Genome Research) suggest that Pheca is a single copy gene. Sequencing analysis of the phenol acid carboxylase gene (Pheca) using degenerate primers in both parental Phytophthora (P. nicotianae and P. cactorum) indicated the presence of 13 nucleotide differences across 354 bp of the gene at positions 84, 99, 105, 111, 114, 156, 165, 201, 243, 285, 294, 300 and 359 bp (TABLE II) . Direct sequencing of the PCR product from the same region in the Phytophthora hybrid isolates revealed the same nucleotide differences but in the heterozygous stage. These results suggest that the Phytophthora hybrids from Peru and Taiwan carry the phenol acid carboxylase alleles from both P. nicotianae and P. cactorum (TABLE II, FIG. 3) . 
Several studies have described the presence of strains of Phytophthora as the causal agent of root rot in loquat. Phytophthora nicotianae was identified as the causal agent of outbreaks in commercial loquat orchards in Lebanon (Weltzien and Scwinn 1966) . The description of two homothallic Phytophthora isolates from Lebanon were similar to the observations made by Chern et al in 1995 in Taiwan and Aragon-Caballero et al in 1998 in Peru (AragonCaballero et al 2006 , Chern et al 1998 . Isolates from Taiwan and Peru initially were described as atypical P. nicotianae isolates based on taxonomic keys. However based on molecular approaches Aragon-Caballero et al (2006) and Man in 't Veld (2001) reached to the same conclusion as Bonants et al (2000) that the atypical P. nicotianae isolates were hybrids of P. nicotianae and P. cactorum.
Previously identified interspecific hybrids of Phytophthora species (P. nicotianae 3 P. cactorum) were recovered from hydroponic systems in the Netherlands (Bonants et al 2000 , Man in 't Veld et al 1998 . Continuous hydroponic systems with multiple crops provides an ideal environment for Phytophthora species to co-exist and possibly led to the generation of new interspecific hybrids (Bonants et al 2000) . Generation of interspecific Phytophthora hybrids has been shown to be possible through zoospore fusion or laboratory crosses and in some cases with modified host range (Boccas 1981 , Ersek et al 1995 , Goodwin and Fry 1994 . Our attempts to germinate oospores from a laboratory cross of P. nicotianae and P. cactorum failed. This was due primarily to the finding that few oospores were formed; it also was difficult to visualize germinating oospores due to abundant germination of chlamydospores that survived after enzyme treatment.
Investigations on previously reported interspecific hybrids of P. nicotianae 3 P. cactorum showed that isolates arose from independent hybridization events between parental Phytophthora species (Bonants et al 2000) . Highly polymorphic AFLP profiles of Phytophthora hybrids recovered in Taiwan also might suggest that the isolates have arisen from independent hybridization events (TABLE I, FIG. 1 ). In contrast AFLP profiles of Peruvian isolates collected from different locations indicate the presence of a clonal population maintained at separate locations during the 3 y that samples were collected. Genetic characterization of natural hybrid species of Phytophthora alni showed that hybrids might have been generated on several occasions through the hybridization of its potential progenitors (Ioos et al 2006) .
DNA melting analysis indicates that P. nicotianae provided the mitochondria for the limited sample of Phytophthora hybrids presented here (FIG. 2) . If the hybridization event were to have occurred during a sexual union, this suggests that P. nicotianae contributed the oogonial component. Two different putative progenitor mitotypes have been identified from Phytophthora hybrids infecting alder trees and additional isolates of the hybrid isolates infecting loquat will need to be analyzed to determine whether our results are simply due to a small sample size or is characteristic of this hybridization event (Ioos et al 2006) . Dieback of loquat trees in Peru was observed after the El Niñ o-Southern Oscillation in 1998. The Omas River overflowed its banks and flooded loquat orchards in Coayllo for several weeks in 1998. Similarly dieback of loquat trees in Taiwan was reported after heavy rainfall in 1995 (Chern et al 1998) . Flooding rivers could bring a pathogen into new areas (such as loquat orchards). Permanent flooding or heavy rainfalls, which simulated the conditions present in hydroponic systems, might let diverse species such as P. nicotianae and P. cactorum hybridize (Brasier 1995) . Loquat orchards in Coayllo, Peru, are normally flooded for irrigation by the Omas River, whereas Taiwanese orchards are irrigated through drip systems. It might be possible that irrigation practices in loquat orchards from Coayllo provide adequate moisture and susceptible host material to maintain a clonal population of the pathogen over extended periods. Among isolates infecting loquat researchers also have identified strains that fit well with the taxonomic characteristics of P. nicotianae (Chern et al 1998 , Tucker 1933 , Weltzien et al 1966 . In addition phylogenetic studies have shown that P. nicotianae and P. cactorum are closely related species (Cooke et al 2000) . The occurrence of Phytophthora hybrids suggests that the process of evolutionary divergence between these two species has not reached the point where their genomes are no longer compatible (Man in 't Veld et al 1998).
